Toward the design of large-scale electronic circuits that are entirely spintronics-driven, organic semiconductors have been identified as a promising medium to transport information using the electron spin. This requires a ferromagnetic metal-organic interface that is highly spin-polarized at and beyond room temperature, but this key building block is still lacking. We show how the interface between Co and phthalocyanine molecules constitutes a promising candidate. In fact, spin-polarized direct and inverse photoemission experiments reveal a high degree of spin polarization at room temperature at this interface.
INTRODUCTION
The study of the spin properties of ferromagnetic metal-organic interfaces has recently received much attention [1] [2] [3] [4] because of the prospect of developing a new generation of spin devices. In fact, organic spintronics, when compared to its inorganic counterpart, offers many advantages, as they open the way to cheap, low-weight, mechanically flexible, chemically interactive, and bottom-up fabricated electronics. Furthermore, more efficient and innovative devices may be produced due to the long spin coherence time thanks to the weak spin-orbit coupling for the light elements usually present in organic molecules. From the fundamental point of view a lot of interesting physics takes place at the interface between ferromagnets and molecules [5, 6] . Effects ranging from ferromagnetic coupling between a molecule's transition metal site and the ferromagnet [4] , to metallic [7] , spin-polarized states induced on the molecule by the interface's chemical bonds [8] have been subsumed in a recent analysis by Sanvito et al. [9] as signatures of a spinterface that can craft spin-polarized transport [8, 10] . In the present study we show that the spinterface created by the deposition of manganese phthalocyanine (MnPc) onto a ferromagnetic Co(001) film is almost completely spin-polarized close to the Fermi energy at room temperature [11] .
RESULTS AND DISCUSSION
To study the spintronic properties of the interface between MnPc (MnC 32 N 8 H 16 ) and Co(001), we performed both spin-polarized photoemission (at the beamline Cassiopée at the synchrotron SOLEIL) and inverse photoemission spectroscopy. The Cu(001) substrate was cleaned through cycles of argon-ion etching and annealing in the preparation chamber. The clean Cu(001) surface was then covered with 15 ML of Co. Finally, MnPc was thermally evaporated onto the Co layer. In the photoemission experiments the photons impinge on the sample under an angle of 45 o with a horizontal linear polarization. The photoelectrons are in turn energy analyzed by a hemispherical energy analyzer and collected in a Mott detector for spin detection. The energy resolution is 130 meV. Figure 1 shows the photoemission data for both spin channels, as well as the resulting spin polarization P, for uncovered Co and 1.3 ML MnPc/Co. The absolute intensities can be compared as all measurements were performed under the same conditions, in particular with the same incoming photon intensity. For uncovered Co(001) the spin polarization is strongly negative close to E F . This is understandable since the 3d-bands of ferromagnetic Co are exchange-split and therefore the DOS for the minority-spin channel is much higher at E F as compared to that of the majority-spin channel. With MnPc coverage there appears around -0.25 eV binding energy, against the strong backdrop of Co-induced negative P, a relative decrease in this negative P. Since this MnPc-induced upturn of the polarization in fact leads to a switch in sign, we infer that additional MnPc is not merely suppressing the negative P of Co, but is in fact contributing a net positive P. At around -0.8 eV binding energy we have the opposite situation. The positive polarization of uncovered Co switches to negative values with MnPc coverage. This proves already that there is some moleculeinduced contribution which is significantly polarized. For the sake of comparison we performed also spin-resolved inverse photoemission experiments on the same system. These experiments were performed using a collimated and transversely polarized electron beam of 25% polarization from a GaAs photocathode. The spectra (not shown) were taken in the isochromatic mode by collecting photons at a fixed photon energy of 9.3 eV, while varying the incident-beam energy. The energy of the incident electrons
was varied between 9 and 17 eV. Data were collected at room temperature and at normal incidence. The energy resolution is 750 meV.
To extract the spin-resolved direct and inverse photoemission signal induced only by the presence of the MnPc layer, we adopt a subtraction procedure [11] that takes into account the molecule-induced attenuation of the Co signal. We present in Fig. 2 the spin-resolved difference spectra of direct and inverse photoemission spectroscopy of MnPc/Co at RT (2.6 ML MnPc for direct and 2 ML MnPc for inverse photoemission) that are obtained by the subtraction procedure. Both direct and inverse photoemission experiments reveal a significant (nearly no) spin up (down) intensity at/near E F , which indicates a high P of the Pc-induced states in the vicinity of E F . We can thus state that the P at room temperature and at E F of the first two layers of MnPc adsorbed on Co(001) reaches +80% ± 10%,i.e., is opposite in sign to that of uncovered Co. By performing the above spin-polarized experiments on MnPc deposited on a ferromagnetic Co(001) surface, we were able to evidence the spin-polarized properties of the MnPc/Co(001) spinterface. Several questions are raised by these observations and prompted us to perform additional experiments on MnPc as well as with a very similar molecule, namely H 2 Pc/Co(001).
Are the Pc-induced states really interface states?
A test of the interface-state character of a spectroscopic feature is provided by studies of its dispersion with the electron wave vector perpendicular to the sample surface. In fact, in the case of a two dimensional electronic state such as an interface state there should be no dispersion. This can easily be checked by varying the photon energy in the experiment. Our results show that the spin-up feature at -0.25 eV binding energy, which is clearly present at all photon energies studied, does not exhibit any dispersion (not shown). We confirm the interfacial nature of P also by examining the impact of additional Pc coverage. Upon appropriately subtracting the spin-resolved spectra of 1 ML H 2 Pc/Co from those of 2 ML H 2 Pc/Co, the intensity of the interface states is strongly reduced (not shown) and proves therefore that the main contribution to this interface states comes from the first Pc layer.
Are the features in the two spin channels related?
Measurements at three different photon energies (see Fig. 3 ) allow us to identify four features: (I) a spin-up interface state at -0.25 eV whose intensity is quite similar for all three energies; (II) a spin-down interface state at -0.4 eV which seems to exhibit a resonant behavior around 40 eV, and whose origin is still unknown; (III) a spin-up feature around -0.65 eV, which appears as a shoulder in the spectrum and seems to follow the same photon energy dependence as the spin-down state at -0.4 eV. The fact that the two features at -0.4 and -0.65 eV are behaving in the same manner as a function of photon energy let us believe that we are dealing here with a spin-split pair. Consequently, a "positive" exchange splitting (spin-up state is lower in binding energy than spin-down state) of -0.25 eV can be deduced from it; and (IV) a much broader structure in the spin-down channel for energies above -1 eV, which exhibits a different photon energy dependence than the other structures at lower binding energies, as it decreases dramatically by going from 20 to 50 eV photon energy. From this it is immediately clear that this feature cannot be considered as the spin-split counterpart of the spin-up interface state at -0.25 eV. 
What is the electronic character of the interface states?
Given the presence of interface states, we wish to determine to what extent they are associated with the Co substrate or the Pc-overlayer. The photon energy dependence of the photoionization cross section for the various states involved gives us the possibility to determine their character, i.e., to decide if the interface states are assignable to Co (3d) or to C (2p) and N (2p), or if they are intrinsically of mixed character. Calculated atomic photoionization cross sections show that by going from 20 to 100 eV photon energy the cross sections of the 2p states (of C and N) are decreasing by more than one order of magnitude while 3d states (of Co as well as of Mn) does not vary much [12] . We expect that such a large effect for free atoms should appear also in solid-state systems. Consequently, if the interface states were mainly of Co 3d character, they should also be present at 100 eV photon energy. However, spin-resolved photoemission measurements at this photon energy do not reveal any sign of the Pc-induced interface state (not shown) and we conclude that the interface states are mainly of C or N 2p character.
Does the central transition metal ion Mn
2+ play a role in the creation of the spin-polarized interface states?
The comparison of the data obtained with MnPc and H 2 Pc at the photon energy of 20 eV (the only photon energy where a comparison can be made) shows that the spin-resolved difference spectra are quite similar. In particular, the most prominent feature in the spin-up channel has in both cases similar intensity, the same binding energy position and the same width. This observation clearly proves that the central ion does not play an important role in the formation of the spin-polarized interface states.
CONCLUSION
In conclusion, our spin-resolved electron spectroscopy experiments show that strongly spin-polarized moleculeinduced electronic states are created at the interface between the organic semiconductor phthalocyanine and ferromagnetic Co, leading in particular to an almost complete spin polarization close to the Fermi energy. These states are identified as interface states as they are located in the interfacial layers and do not exist in thicker organic layers. Furthermore their electronic character is mainly of C or N 2p character and not of Co 3d character. Finally, it is important to note that the central metal site of the molecule plays at best a minor role in promoting molecular states at the Fermi level with a high degree of spin polarization.
